The involvement of 0-sulphate esters in the directed 0-methylation was investigated in vitro with a dialysed 'high-speed' supernatant from rat liver as the enzyme preparation and the catechol compound 3,4-dihydroxybenzoic acid as the substrate. The enzyme reactions involved were studied separately with the 0-methylated and O-sulphated derivatives. The rate of hydrolysis by arylsulphatase was 14.5 nmol/min per mg of protein for 3-methoxy-4-sulphonyloxybenzoic acid and 10.1 nmol/min per mg of protein for 4-methoxy-3-sulphonyloxybenzoic acid. The sulphotransferase activity towards the guaiacols 4-hydroxy-3-methoxybenzoic acid and 3-hydroxy-4-methoxybenzoic acid was 570pmol of 4-0-sulphated and 350pmol of 3-O-sulphated product formed/min per mg of protein. The 3-0-and 4-0-sulphate esters of 3,4-dihydroxybenzoic acid could not serve as substrates for the catechol 0-methyltransferase reaction. When either ester was incubated in the presence of S-adenosyl-L-methionine, but without the arylsulphatase inhibitor KH2PO4, 3,4-dihydroxybenzoic acid was formed, which was subsequently 0-methylated in a meta/para ratio of 4.6. It is concluded that 0-methylation can precede O-sulphation but that O-sulphation prevents further metabolism by 0-methylation. Also 0-sulphate esters do not have a directing effect on 0-methylation. From the study of the simultaneous action of sulphotransferase and catechol 0-methyltransferase on 3,4-dihydroxybenzoic acid we conclude that O-sulphation and 0-methylation proceed independently of each other under the assay conditions used, both directed preferentially to the 3-hydroxy group.
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In mammals, considerable amounts of catecholamine metabolites are found in urine conjugated with sulphate. By analogy with hepatic detoxification of phenol compounds (Williams, 1959) , 0-sulphation of these metabolites is generally considered as a means of inactivation. Many studies (Richter, 1940; Axelrod et al., 1959; Rutledge & Hoehn, 1973; Jenner & Rose, 1974) and also the broad sulphate acceptor specificity of phenol sulphotransferase (EC 2.8.2.1) in liver and brain tissue (Foldes & Meek, 1973; Meek & Neff, 1973; Renskers et al., 1980) support this view. However, the distribution of phenol sulphotransferase activity among the various organs of the rat (Foldes & Meek, 1974) and the presence of arylsulphatases (EC 3.1.6.1) in many mammalian tissues, including liver and brain, imply additional roles for the formation of sulpho-conjugates.
In vivo, 0-methylation of catecholamines occurs nearly exclusively on the m-phenolic hydroxy group Daly et al., 1960) . In vitro, however, 0-methylation yields both 3-0-and 4-0-methylated products (Senoh et al., 1959; Daly et al., i960; Creveling et al., 1972) . Apparently, additional factors must participate in 0-methylation in vivo.
Evidence has been presented that 0-sulphate conjugates are involved in the directed 0-methylation of oestrone in rat liver (Miyazaki et al., 1969; Brooks & Horn, 1971) . In view of this, it is important to find out whether a similar situation exists in catecholamine metabolism. The present work was intended to study such an involvement in vitro on the catechol compound 3,4-dihydroxybenzoic acid and to assess the role of arylsulphatase in this process. In addition, we have studied with this substrate O-sulphation and 0-methylation as concurrent processes. Reverse-phase high-pressure liquid chromatography has been used to identify and quantify the various metabolites formed.
Materials and methods

Chemicals
Dithiothreitol and S-adenosyl-L-methionine hy-drogen sulphate (58% pure) were purchased from Boehringer-Mannheim G.m.b.H. All other chemicals were from the same sources as in a previous study (Pennings & Van Kempen, 1980 (Brown, 1973) . Peak areas were measured with an analogue integrator.
Preparation ofenzymes
Adult Wistar rats (200-300g) of either sex were used.
A rat liver 'high-speed' supernatant in iso-osmotic KCI was prepared by the method of Brunngraber (1958) and then dialysed at 40C for 16h against 200vol. of 5 mM-Tris/HCl buffer, pH 7.4, containing 0.5 mM-dithiothreitol. Precipitated material was removed by centrifugation. The resulting crude enzyme preparation was used for the assay of sulphotransferase and catechol 0-methyltransferase (EC 2.1.1.6) activity. The arylsulphatase activity in this preparation was inhibited by 95% by the addition of 37mM-KH2PO4 to the incubation mixture.
For the assay of arylsulphatase activity, a rat liver high-speed supematant was prepared in water in a similar way and then dialysed at 4°C for 30h against 100vol. of 5mM-sodium acetate buffer, pH 5.6. Precipitated material was removed by centrifugation.
Catechol 0-methyltransferase partially purified from rat liver by the method of Axelrod & Tomchick (1958) was used to confirm the lack of activity of the crude enzyme towards the O-sulphated benzoic acids.
Determination ofprotein This was done by the method of Lowry et al. (1951) , with horse serum albumin (Rijks Instituut voor de Volksgezondheid, Bilthoven, The Netherlands) as a standard.
Assay procedures
The reactions were started by addition of enzyme and terminated by placing the tubes in boiling water for 2 min. After cooling and centrifugation, the total supematant of a mixture was applied to a DEAESephadex A-25 column (Cl-form; 0.4 cm x 8 cm), to separate O-sulphated benzoic acids from catechol and guaiacol benzoic acids. The remaining pellet was washed with 3 ml of water and, after centrifugation, the washing was applied to the column. The column was washed with 1 ml of 0.075 M-HCl. 3,4-Dihydroxybenzoic acid and its 0-methyl ethers were eluted with 3 ml of 0.075 M-HCI and measured by high-pressure liquid chromatography in solvent system B after addition of the internal standard 4-hydroxybenzoic acid. Retention times for 3,4-dihydroxybenzoic acid, the internal standard 4-hydroxybenzoic acid, 4-hydroxy-3-methoxybenzoic acid and 3-hydroxy-4-methoxybenzoic acid were 3.5, 6.1, 7.9 and 9.0min respectively. The Sephadex column was then washed with 1 ml of 1 M-HCI. The O-sulphated benzoic acids were eluted with 5 ml of 1 M-HCI. To this eluate also 4-hydroxybenzoic acid was added as the internal standard. The 0-sulphate esters were identified by high-pressure liquid chromatography in solvent system A. Retention times for the internal standard 4-hydroxybenzoic acid, 3-hydroxy-4-sulphonyloxybenzoic acid, 3-methoxy-4-sulphonyloxybenzoic acid, 4-hydroxy-3-sulphonyloxybenzoic acid and 4-methoxy-3-sulphonyloxybenzoic acid were 3.0, .6.3, 7.3, 8.5 and 10.2 min respectively. After hydrolysis quantification was performed in solvent system B.
Recoveries of the various products from the assay mixtures were determined by adding known amounts of the products to blanks.
The arylsulphatase reaction. The reaction was carried out at pH 5.6 as described previously (Pennings & Van Kempen, 1980) with 0.1 ml (0.8mg of protein) of the arylsulphatase containing preparation and with 2 mM-3-methoxy-4-sulphonyloxybenzoic acid or -4-methoxy-3-sulphonyloxybenzoic acid as the substrate. Incubation was for 10min at 370C. For blanks, the substrate was added after incubation.
Arylsulphatase activities towards these substrates were also determined in an enzyme preparation from Helix pomatia. Incubation was with 250,g (4.95 units of enzyme). Other conditions were unchanged.
The sulphotransferase reaction. This was done at pH 7.4 as described before (Pennings & Van Kempen, 1980) with 0.2 ml (2-3mg of protein) of the enzyme preparation from rat liver and with 0.5 mM-3-hydroxy-4-methoxybenzoic acid or -4-hydroxy-3-methoxybenzoic acid as the sulphate acceptor. Incubation was at 370C for 15min. For blanks, the sulphate donor or the sulphate acceptor was added after incubation.
The catechol 0-methyltransferase reaction. The assay medium (1 ml; final pH 7.9) contained: 0.1 MTris/HCl buffer, pH7.9; 37mM-KH2PO4 adjusted with KOH to pH 7.9; 1 mM-S-adenosyl-L-methionine (corrected concentration, based on a purity of 58%); 1 mM-MgCl2; 3 mM-dithiothreitol; 1 mM-3-hydroxy-4-sulphonyloxybenzoic acid or -4-hydroxy-3-sulphonyloxybenzoic acid; 0.25 ml (3-4mg of protein) of the crude enzyme preparation or 0.25 ml (200-400pug of protein) of the partially purified enzyme preparation. Blanks were prepared by omitting the methyl donor. Incubation was for 1 h at 370C.
The simultaneous assay of sulphotransferase and catechol 0-methyltransferase activity. 3,4-Dihydroxybenzoic acid was used as the joint substrate. The standard assay mixture (1 ml; final pH 7.4) contained: 0.1 M-Tris/HCI buffer, pH 7.4; 37 mM-KH2PO4, adjusted with KOH to pH 7.4; 1 mM-MgCl2; 3 mM-dithiothreitol; 1 mM-3,4-dihydroxybenzoic acid; 1 mM-S-adenosyl-L-methionine (corrected concentration, based on a purity of 58%); 0.5 mM-adenosine 3'-phosphate 5'-phosphosulphate; 0.2 ml of the crude enzyme preparation (2-3 mg of protein). Controls were prepared by adding the methyl donor or the sulphate donor after incubation. The reaction was carried out at 370C for 1 h.
Chemical synthesis of 3-methoxy-4-sulphonyloxybenzoic acid and 4-methoxy-3-sulphonyloxybenzoic acid These products were synthesized by treatment of 4-hydroxy-3-methoxybenzoic acid or 3-hydroxy-4-methoxybenzoic acid with pyridine/SO3 (Roy & Trudinger, 1970) . The guaiacol benzoic acid (0.5 g) and pyridine/SO3 (1.Og) were dissolved in Sml of anhydrous pyridine at 60°C and the reaction mixture was kept at 35-40°C for 48 h with constant stirring. After addition of 25 ml of water, the pH was adjusted to 4 with 4 M-KOH. Unreacted acid was extracted with ethyl acetate. The aqueous solution was neutralized with 4 M-KOH and 300 ml of methanol was added. The precipitate was removed by filtration and solvents were evaporated in vacuo at 300C. The residue was dissolved in 10ml of methanol and 300 ml of ethyl acetate was added. A white precipitate formed, which was collected, washed with ethyl acetate and dried over P205 in vacuo.
Both products were homogeneous by highpressure liquid chromatography in solvent system A. They were further identified by following the chemical and enzymic hydrolysis in solvent systems A and B as described for the identification of the 0-sulphate esters of 3,4-dihydroxybenzoic acid (Pennings & Van Kempen, 1980) . 3-Methoxy-4-sulphonyloxybenzoic acid yielded 4-hydroxy-3-methoxybenzoic acid as the only product and 4-methoxy-3-sulphonyloxybenzoic acid yielded 3-hydroxy-4-methoxybenzoic acid as the only product.
Comparison was with the authentic compounds. As the 0-sulphate esters were highly hygroscopic, concentrations were determined by measuring (in solvent system B) the amount of benzoic acid liberated after complete chemical hydrolysis.
The u.v.-absorption maxima were determined in solvent system A (3-methoxy-4-O-sulphate, E238 8100 litre * mol-* cm-1; 4-methoxy-3-0-sulphate, E247 11 500 litre * mol-h * cm-'). At 254nm the molar absorption of the 3-0-sulphate ester was 3.0 times that of the 4-0-sulphate ester.
Results and discussion
The 0-sulphate esters of the guaiacol benzoic acids as substratesfor the arylsulphatase reaction Recoveries of the guaiacol products 4-hydroxy-3-methoxybenzoic acid and 3-hydroxy-4-methoxybenzoic acid from the assay mixtures were 96% and 97% respectively. The activity of arylsulphatase from rat liver was 14.5nmol of 3-methoxy-4-sulphonyloxybenzoic acid and 10.1 nmol of 4-methoxy-3-sulphonyloxybenzoic acid hydrolysed/min per mg of protein. Neither sulphate ester was a specific substrate for arylsulphatase A, as determined by the method of Worwood et al. (1973) . The substrate specifity for arylsulphatase B cannot be assessed with crude rat liver enzyme preparations.
The activity of arylsulphatase from Helix pomatia was 7.4nmol and 220pmol of ester hydrolysed/min per enzyme unit for the 4-0-and 3-0-sulphate respectively. The present results confirm our earlier findings (Pennings & Van Kempen, 1980 ) that arylsulphatase from rat liver hydrolyses 4-0-sulphated benzoic acids approx. 1.4 times faster than the 3-0-sulphated compounds. For the Helix pomatia enzyme this ratio is approx. 30. The guaiacol benzoic acids as substrates for the sulphotransferase reaction
Recoveries of 3-methoxy-4-sulphonyloxybenzoic acid and 4-methoxy-3-sulphonyloxybenzoic acid from the assay mixtures were 98% and 97% Vol. 193 respectively. In addition, loss of sulphate esters during the incubation amounted to 3-5%, which we ascribe to residual arylsulphatase activity.
The guaiacol benzoic acids appeared to be good substrates for phenol sulphotransferase from rat liver. The products co-chromatographed with the corresponding chemically synthesized 0-sulphate esters, when analysed in solvent system A. In addition, the products yielded again the corresponding guaiacols after enzymic hydrolysis with arylsulphatase from rat liver or from Helix pomatia. The activity of the rat liver sulphotransferase preparation was 570pmol of 3-methoxy-4-sulphonyloxy-and 350pmol of 4-methoxy-3-sulphonyloxybenzoic acid formed/min per mg of protein. So it appears that in the case of these guaiacol isomers the 3-0-methyl derivative is the better substrate. In other words, the rate of 4-0-sulphation is higher than that of 3-O-sulphation. This contrasts with previous findings on the preferential 3-O-sulphation of 3,4-dihydroxybenzoic acid (Pennings & Van Kempen, 1980) . Therefore, 0-methylation of 3,4-dihydroxybenzoic acid changes the preferred site of O-sulphation.
The rate of the sulphotransferase reaction was linear with time for 40 min and linear with enzyme concentration up to 4 mg/ml. The preferential 4-0-sulphation of the guaiacol benzoic acids did not depend on time of incubation (10-60 min) or enzyme concentration (1.5-7.5 mg/ml).
The 0-sulphate esters of 3,4-dihydroxybenzoic acid as substrates for the catechol 0-methyltransferase reaction Neither the crude nor the partially purified rat liver enzyme preparation was able to methylate the 0-sulphate esters. Taken together with previous results that dimethylation of 3,4-dihydroxybenzoic acid does not occur (Pennings & Van Kempen, 1979) , we conclude that catechol 0-methyltransferase can only methylate an intact catechol group. -As a consequence, we suggest that those catecholamine metabolites that are found both 0-sulphated and 0-methylated in the mammalian system have been formed by 0-methylation followed by 0-sulphation.
To evaluate the participation of an action of arylsulphatase during 0-methylation of 0-sulphate esters, the reaction was also carried out in the absence of the arylsulphatase inhibitor KH2PO4. In addition to 3,4-dihydroxybenzoic acid, 4-hydroxy-3-methoxybenzoic acid and 3-hydroxy-4-methoxybenzoic acid were now formed in the crude enzyme preparation. The total amount of 0-methylated products formed closely reflected the arylsulphatase activity towards the 0-sulphate ester concerned (see Pennings & Van Kempen, 1980) . This means that from 3-hydroxy-4-sulphonyloxybenzoic acid approx. 1.4 times as much 0-methylated product was formed as from 4-hydroxy-3-sulphonyloxybenzoic acid. Irrespective of which 0-sulphate ester was used as the substrate, a constant meta/para ratio of 4.6 of 0-methylated benzoic acid was obtained. These results demonstrate that hydrolysis of the 0-sulphate esters of 3,4-dihydroxybenzoic acid precedes 0-methylation and that these esters are not methylated in the sulphated form. Therefore, we conclude that 0-sulphate esters do not have a directing effect on 0-methylation. From our findings, such a role of 0-sulphation in the metabolism of catecholamines as suggested by Miyazaki et al. (1969) is unlikely. 0-Methylation and 0-sulphation of 3,4-dihydroxybenzoic acid appear to be independent enzyme reactions both directed to the 3-hydroxy group.
The simultaneous action of sulphotransferase and catechol 0-methyltransferase on 3,4-dihydroxybenzoic acid
As it had become clear that 3,4-dihydroxybenzoic acid could be used for the simultaneous assay of these enzymes, we studied the influence of these enzymes on each other. In control experiments, sulphotransferase and catechol 0-methyltransferase activities were determined separately. The various amounts of products are summarized in Table 1 . 3-Methoxy-4-sulphonyloxybenzoic acid was formed in large excess over its 3-0-sulphate isomer. As 0-methylation precedes 0-sulphation, this result confirms the preferential 3-0-methylation of 3,4-dihydroxybenzoic acid and subsequent 4-0-sulphation of the guaiacols formed. The total amounts of 3-0-and 4-0-methylated products, including subsequently sulphated guaiacols, remained constant after incubation with both cofactors. In contrast, the total amount of 3,4-dihydroxybenzoic acid sulphated decreased considerably without a change, however, in the ratio of 3-0-to 4-0-sulphation. In addition to this, we found that 4-hydroxy-3-methoxybenzoic acid and 3-hydroxy-4-methoxybenzoic acid inhibited the sulphation of 3,4-dihydroxybenzoic acid 34% and 17% respectively, when added to controls (without methyl donor) at final concentrations of 0.4 mM. The reason is obvious, as the guaiacols are rapidly sulphated themselves. Therefore, the decrease of 3,4-dihydroxybenzoic acid sulphated must be ascribed to inhibition by the guaiacol benzoic acids formed. O-Sulphation and 0-methylation apparently progress independently of each other under the assay conditions used. In vivo an additional effect of sulphation might be to decrease the concentrations of the compound in the tissue. This effect could differ depending on the position of sulphation as shown for dopamine sulphoconjugates in brain (Jenner & Rose, 1978) .
In the present study we have shown that 0-methylation of 3,4-dihydroxybenzoic acid can precede its 0-sulphation and that 0-sulphation of the catechol prevents its further metabolism by 0-methylation. These results extend those obtained by Crooks et al. (1978) in their study on the metabolism of dopamine (3,4-dihydroxyphenethylamine) in human skin fibroblasts. In their experiments 0-sulphated dopamine was not formed. Our results show that catechol 0-sulphation is possible in vitro, as was also found recently by Renskers et al. (1980) with phenol sulphotransferase from human brain.
The various 0-sulphate esters investigated are good substrates for arylsulphatase from rat liver. Our present data and those reported in the literature (Merits, 1976; Jenner & Rose, 1978; Pennings & Van Kempen, 1980) on arylsulphatase activity towards sulphated catechol compounds in vivo and in vitro are not consistent in every respect. The function of the 0-sulphate esters remains speculative.
The question of whether the sulphates must be considered mainly as an end product for rapid elimination or transport of the parent compound, or whether they play an intermediate role in the metabolism as suggested by Buu & Kuchel (1979a,b) still awaits an answer.
